ABSTRAm. Although atrial morphologic changes are well documented, the description of early atrial function is limited. We used videomicroscopic methods to define the function of the contracting atrium in stage 16 to 24 white Leghorn chick embryos. We exposed the embryo in ovo (right side up) and imaged the ventricle, then repositioned the embryo (left side up) and imaged the atrium (n 2 8 per stage). We traced the atrial endocardia1 border and then measured atrial perimeter (mm) and cross-sectional area (mm2). A 20-MHz pulsed Doppler velocity meter was used to measure atrioventricular blood velocity during atrial imaging in an additional six stage 21 embryos. Data were tested by analysis of variance and regression analysis. Mean heart rate change after repositioning was -4 f 1%. Atrial maximum and minimum area increased linearly versus embryo stage (y = 0 . 1 0~ -1.41, r = 0 . 8 9 ,~ < 0.05 and y = 0 . 0 5~ -0.67, r = 0.82, p < 0.05, respectively).
smooth-walled, pulsatile tube into a four-chambered pump, while simultaneously meeting the metabolic demands of the rapidly growing embryo (2) . Growth and function of the embryonic heart are related, and both can be experimentally altered during primary cardiac morphogenesis (3) . In the chick, the primitive atrium is formed by the fusion of the paired primordia at stage 9 (h 29-33 of a 21-d incubation period) (4) . The atrium functions as a single chamber until stage 29 (6 d), when atrial septation and fusion of the ventral and dorsal endocardia1 cushions are complete (5). In contrast to the trabeculated endocardium of the developing ventricle, the endocardia1 surface of the atrium is a smooth, nontrabeculated cell surface (6).
In the mature heart, atrial function has been described in terms of reservoir, conduit, and pump function (7). Atrial contractility, compliance, and contribution to ventricular filling have been studied using in vitro, animal, and computer models (8-1 1). To date, the size and location of the embryonic atrium has limited the definition of atrial function (12). How the atrium contributes to embryonic cardiovascular function has not been fully evaluated. Thus, to expand our understanding of embryonic ventricular function (2, 13-18) we defined changes in atrial function during primary cardiac morphogenesis.
In this study, we used videomicroscopic and pulsed Doppler techniques to describe atrial dimension and function during early cardiac development. We found that atrial contraction time and shortening fraction decreased with stage. Rate-corrected peak velocity of wall contraction increased with stage, whereas ratecorrected peak velocity of lengthening remained similar. Passive and active AV blood flow, as defined by pulsed Doppler velocity meter, correlated with atrial lengthening and contraction. These measures of atrial function can now be incorporated into a physiologic model of the developing cardiovascular system.
MATERIALS AND METHODS
We studied white Leghorn chick embryos at stage 16 (2.3 d, n = 8), stage 18 (2.8 d, n = 1 I), stage 21 (3.5 d, n = 14), and stage 24 (4 d, n = 10) of a 46-stage (21-d) incubation period. Each stage was identified by visual landmarks that include somite number, limb size, and cardiac morphology (19). Embryo wet weight doubles between each selected stage (2) . Fertile eggs were incubated blunt end up in a forced draft incubator at 38.5"C. Access to the embryo was gained by opening the shell, removing a small region of extraembryonic membranes, then positioning the embryo for imaging on a stereophotomacroscope stage. Embryo temperature was maintained by two ambient warmers.
Video images were acquired using a stereophotomacroscope (model M400 Wild, Wild Leitz USA, Inc., Rockleigh, NJ), a Dage 70 series video camera (Dage-MTI, Michigan City, IN) with a grade 1 Newvicon tube, a fiber optic light source (DolanJenner Industries, Woburn, MA), a Magnavox PV9670 VHS video recorder, and a time-date generator (F0R.A model VTG-CAMPBELL ET AL. 33, FOR.A, West Newton, MA) (Fig. I) . The video camera generated 60 sequential video fields per s in the interlaced mode. The image field was 1000-2000 pm in diameter, and the effective raster spacing was 4-8 pm. Real time + 0.005 s was recorded on each field. A 100-pm division scribed glass standard was recorded in the focal plane of each embryo after imaging.
Individual video fields were analyzed at a work station that included a minicomputer (Premiuml286, AST Research, Irvine, CA), a monitor (Multisync 11, NEC Information Systems, Boxborough, MA), a frame grabbing board (model M8 TARGA, Jandel Scientific, Corte Madera, CA), JAVA video analysis software (Jandel Scientific), a Microsoft mouse, and a multipurpose video monitor (Sony PVM127 IQ). AV blood flow was measured using a 20-MHz pulsed Doppler velocity meter (University of Iowa, Dept. of Bioengineering). Because of the dynamic diameter of the AV orifice, blood flow velocity was used only to identify the onset of passive and active ventricular filling. This Doppler velocity meter has been validated to be accurate up to 16 mm/s (2) .
Analog wave forms were sampled at 500 Hz by a Computerscope data acquisition analogldigital board (RC Electronics, Inc., Santa Barbara, CA) and displayed on the computer screen in digital oscilloscope mode. Additionally, the analog Doppler wave form was superimposed on the video images in real time using a custom analog device (PONV, Ogden Scientific, Spencerport, NY). Simultaneous measurement of atrial dimension and AV blood flow velocity enabled identification of the onset of atrial contraction and lengthening.
Experimental protocol. Each embryo was imaged for 60 s in normal right-side up position with the ventricle exposed. The embryo was then gently turned left side up, exposing the atrium (Fig. 2) , and imaging continued for 5 min. We recorded the image of a glass scribed standard at the end of each experiment for use in calibration of the video measurement software. The video recordings of each embryo were reviewed in slow motion to follow the pattern of blood flow from the venous bed to the sinus venosus and from the atrium to the ventricle. At this speed, we identified individual red blood cells and followed their direction of flow. We traced atrial endocardia1 perimeter (mm) and cross-sectional area (mm2) in sequential video fields (Fig. 3) . In a subset of stage 2 1 embryos ( n = 6), we simultaneously measured AV blood velocity and recorded video images. At this stage, the AV canal is undivided and demarcated by the anterior and posterior endocardia1 cushions (5). With the embryo left side up, a 0.75-mm piezoelectric crystal was positioned on the upper epicardial surface of the atrium, parallel to the AV orifice. The angle of inclination and Doppler meter range were varied to maximize the amplitude of the AV velocity profile.
Data analysis protocol for each embryo. For each embryo, I ) perimeter and area data were smoothed with a 3-point Fast Fourier Transform low-pass filter; 2) heart rate (bpm) and cycle length (ms) were calculated from the time record of consecutive maximum area images; 3) atrial contraction time (ms) was calculated as the time from onset of contraction to onset of lengthening and indexed by dividing contraction duration by the cycle length; 4) maximum and minimum atrial perimeter (mm) and area (mm2) were determined from three cardiac cycles; 5 ) shortening fraction (SF) was calculated for perimeter (P) and area (A): SF = [(maximum -minimum)/maximum] x 100; 6) peak velocity of circumferential wall shortening and lengthening was calculated from perimeter (mm/s); and 7) time course of passive and active AV blood flow was compared to simultaneous change in atrial perimeter.
Statistical analysis. Data are reported as mean + SEM, n r 8 for each stage. The mean values for each variable were compared by analysis of variance and regression analysis across the stage range, and p < 0.05 was assigned significance. Intra-and interobserver errors of planimetry of atrial endocardia1 perimeter on 10 pairs of distinct images were not significant (mean = 0.55 mm2, SEM = 0.03 mm2, p = 0.68 and mean = 0.53 mm2, SEM = 0.03 mm2, p = 0.98, respectively).
RESULTS
The atrium was visualized in most embryos after repositioning. Venous return from the extra-embryonic circulation was nonpulsatile. A small amount of pulsatile retrograde blood flow was seen moving from the sinus venosus to the cardinal veins. At each stage, the embryonic atrium had both a rapid and slow filling phase and a contraction phase (Fig. 4) .
The mean change in heart rate after embryo repositioning from right to left side up was -4 + 1 % (Fig. 5) Simultaneous pulsed Doppler and atrial imaging showed that passive AV flow occurred late in atrial lengthening and active AV flow occurred during atrial contraction (Fig. 7) . Anterograde blood flow through the AV cushions occurred during ventricular diastole, and no retrograde flow was measured during ventricular systole.
Maximum and minimum atrial perimeter increased linearly -2.08, r = 0.8 1, p < 0.0 1). Peak velocity of lengthening occurred immediately after the completion of atrial contraction and was similar between stages 18 and 24 ( p = 0.45, Fig. 10 ).
DISCUSSION
The accurate measurement of atrial function is critical to understand the mechanical properties of the atrium and to define the effect of atrial function on ventricular and vascular development. Our study combined pulsed Doppler measures of AV blood velocity and videomicroscopic measures of atrial size to define atrial function during primary cardiac morphogenesis.
Although the sinoatrial junction was not well visualized, trivial retrograde flow was visualized from the sinus venosus to the cardinal veins. Pulsed Doppler interrogation of the human sinoatrial junction during the 2nd and 3rd trimesters of gestation revealed a small degree of retrograde flow during atrial contraction (16). This separation of low pressure venous return from atrial contraction likely depends on the dynamic collapse or constriction of the venoatrial junction. All embryonic AV flow was anterograde, consistent with previous studies that demonstrate that the AV cushions act as valves to prevent retrograde flow during ventricular systole (17, 18). Heart rate increases during cardiac morphogenesis (2). In contrast, cardiac intervals, such as ventricular ejection time, remain similar when indexed for cycle length (20). We found that despite a 34% decrease in atrial contraction time the duration of atrial contraction indexed for cycle length ranged from 30.8 k 2.4% to 26.1 k 2.4% from stage 16 to 24. The ability of the developing heart to fill and eject at progressively faster rates likely reflects the simultaneous maturation of organ geometry, tissue architecture, and cellular pathways for force generation. Supporting this maturational progression are various experiments designed to perturb embryonic heart rate that consistently show that peak performance occurs at the intrinsic rate (14,21-23).
Evaluation of simultaneous dynamic atrial perimeter and AV blood velocity confirmed that atrial contraction duration corresponds to the time of active AV blood flow. Unfortunately, video imaging could not quantify passive AV flow because there was no corresponding change in atrial perimeter. Similarly, pulsed Doppler velocity measurement cannot directly measure passive AV flow because AV orifice diameter is dynamic.
Atrial shortening fractions were within a narrow range from stage 16 to 24 despite a 16-fold increase in ventricular mass. This is consistent with basic sarcomere mechanics favoring an optimal resting length (24). Dynamic two-dimensional changes in surface area, termed strains, reflect sarcomere length changes on a tissue level. These data on atrial contraction are consistent with the 20% peak epicardial strains measured in the stage 16 chick ventricle (25) and with epicardial strain measurements of the mature myocardium (26). This finding is remarkable because the early embryonic myocyte lacks myofibrillar alignment (2) . A complete analysis of atrial epicardial strains is needed to better define regional atrial contraction and material properties of the developing atrium.
There are limitations to videomicroscopic techniques. Video imaging alone cannot accurately quantify the amount of blood stored in the atrium during ventricular systole (reservoir function) or the flow of blood from sinus venosus to ventricle during ventricular filling (conduit function). Simultaneous AV blood velocity, atrial pressure, and video imaging during alterations in atrial preload are necessary to define atrial and ventricular pressure and flow relationships.
We 
